This study assessed the relationship between radon decay product (RDP) exposure and mortality and cancer incidence in a cohort of 17,660 Eldorado uranium workers first employed in 1932-1980 and followed up through 1999. The analysis was based on substantially revised identifying information and dosimetry for workers from the Beaverlodge and Port Radium uranium mines and for the first time includes workers from a radium and uranium refinery and processing facility in Port Hope, Canada. Overall, male workers had lower mortality rates of all causes and all cancers and lower incidence rates of all cancers compared with the general Canadian male population, a likely healthy worker effect. Individual cancer rates were also reduced except for lung cancer mortality (SMR = 1.31, P < 0.001) and incidence (SIR = 1.23, P < 0.001). The excess relative risk per 100 WLM (ERR/100 WLM) of lung cancer mortality (N = 618, ERR/100 WLM = 0.55, 95% CI: 0.37, 0.78, P < 0.01) and incidence (N = 626, ERR/100 WLM = 0.55, 95% CI: 0.37, 0.81, P < 0.001) increased linearly with increasing RDP exposure. Adjustment for effect modification by time since exposure, exposure rate and age at risk resulted in comparable estimates of risk of lung cancer for all three uranium worksites. RDP exposures and c-ray doses were not associated with any other cancer site or other cause of death. The risk estimates are in agreement with the results of the pooled analysis of 11 miner cohorts and more recent studies of uranium workers. The current analysis provides more precise risk estimates and compares the findings from the mortality study with the incidence study. Future follow-up of the cohort and joint analysis with other uranium miners' studies should shed more light on the effects of low RDP exposures as experienced by current workers as well as help to understand and address the health risks associated with residential radon. g
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INTRODUCTION
Follow-up of the mortality of and cancer incidence in uranium mine, mill and processing workers is essential to improve our understanding of radiation risk and to ensure that radiation protection programs appropriately protect workers' health. Exposure to radon decay products (RDP) is one of the best-studied carcinogenic phenomena in radiation epidemiology (1) . Epidemiological studies, primarily of underground miners, show increases in lung cancer risk from exposure to RDP but little evidence for an increase in any other disease (2) . These results are consistent with physiological considerations (i.e., RDP are deposited in the airway structures of the lungs and emit a-particle radiation) and with animal studies (3) .
The relationship between RDP exposure and lung cancer for former employees at the Eldorado Beaverlodge and Port Radium mines was reported previously based on mortality follow-up from 1950 to 1980 (4) (5) (6) . The risk estimates for workers from the two mines differed by an order of magnitude [excess relative risks per 100 working level month 3 (ERR/100 WLM) of 3.25 (5) and 0.27 (6) , respectively]. These two cohorts were part of a combined analysis of 11 underground mining cohorts (2, 7), which found an approximately linear relationship between RDP exposure and lung cancer mortality. The risk per unit RDP exposure decreased with increasing time since exposure, with increasing exposure rate, and with increasing age at risk. The BEIR VI Committee (2) adopted this model in 1999, emphasizing the importance of effect modifiers in the RDP exposure and lung cancer risk relationship. Recent 3 The concentration of RDP in workplace air is expressed in working levels (WL), where 1 WL is the concentration of RDP per liter of air that would result in the ultimate release of 1.3 3 10 5 MeV of potential a-particle energy. Occupational exposure to RDP is the product of time in the workplace and the concentration of RDP in the workplace air, measured in working level months (WLM), where 1 WLM is equivalent to one working month (170 h) in a concentration of 1 WL. RADIATION RESEARCH 174, 773-785 (2010) 0033-7587/10 $15.00 g 2010 by Radiation Research Society. All rights of reproduction in any form reserved. DOI: 10.1667/RR2237.1 updates of the French, German, Czech, Colorado Plateau, and Newfoundland Fluorspar miners studies (8) (9) (10) (11) (12) (13) (14) (15) (16) have increased statistical power and precision of risk estimates and largely support the BEIR VI Committee model (2) .
Since the publication of the original Eldorado studies (4-6), we made substantial efforts to improve the identifying and dosimetry information in the Beaverlodge and Port Radium studies and added a group of workers from the Port Hope radium and uranium refinery and processing facility to form a cohort of Eldorado uranium workers. We used the data from the Canadian Mortality Database (CMDB) and from the Canadian Cancer Database (CCDB) to analyze and compare mortality and cancer incidence in the cohort of Eldorado uranium workers, to evaluate the relationship between workers' lung cancer risk and RDP exposure and its modification by age at risk, time since exposure and exposure rate, and to evaluate other causes of death and cancer in relation to RDP exposures and c-ray doses.
MATERIALS AND METHODS

The Cohort
Potential study subjects came from the personnel records provided by the mines and processing sites operated by Eldorado Nuclear Ltd. Most workers were uranium miners and mill workers employed at two mine sites (Port Radium, Northwest Territories, and Beaverlodge, northern Saskatchewan) and workers employed at the radium and uranium refining and processing plant (Port Hope, Ontario), with a small number of individuals employed at ''other sites'' including head office, aviation, research and development, and exploration. The sub-cohort membership was based upon the employment site where a worker spent the longest time working for Eldorado. For inclusion in the study, workers had to be employed during the ages of 15-75 years at one of the facilities of Eldorado sometime between 1932 and 1980, had their last contact after 1940, and had to be alive at start of follow-up in 1950 (mortality analysis) or 1969 (cancer incidence analysis).
The previous analysis of the Port Radium uranium mine workers included all male workers employed at the mine between 1942 and 1960 and known to be alive at the start of follow-up in 1950 (6) . The original nominal roll included 2,696 workers, many of whom were excluded from linkage and analysis because of missing date of birth information (6) . After an extensive search and review of original records, the updated nominal roll was expanded to include 4,079 workers.
The previous analyses of the Beaverlodge mine workers were based on 10,945 male workers employed at the mine between 1948 and 1980 (4, 5) . The current analysis is based on the extended follow-up of that cohort with the addition of 305 workers who joined the Beaverlodge mine between the cutoff of the original study and the final shutdown of the mine in June 1982. Improvements in the quality and quantity of identifying data in the nominal roll and work histories resulted in a final updated nominal roll containing 11,788 workers.
The Port Hope radium and uranium refinery and processing facility became operational in 1932. Initially, radium was the primary product, but uranium became the primary product in 1942, and radium production was phased out by 1954. Port Hope continues to operate today as Cameco Corporation Port Hope Conversion Facility. Workers have been exposed to relatively concentrated forms of uranium with greater solubility than that found in the uranium ore. This sub-cohort has not been presented in epidemiological studies previously. The current Eldorado nominal roll contained 3,338 Port Hope workers.
The updated Eldorado study was conducted in accordance with accepted ethical practices and was approved by Health Canada's Research Ethics Board and Institutional Review Board Services.
Record Linkage
An internal linkage carried out at Statistics Canada identified and eliminated duplicates and invalid records. Further manual unduplication/update work resulted in a final nominal roll file containing 19,855 individuals. The Historic Tax Summary file (1984 to 2000) was used to confirm 8,218 (41.4%) cohort subjects alive at the end of follow-up in 1999. In addition, 1,356 (6.8%) cohort subjects were confirmed alive at some time between 1984 and 1998, and 1,572 (8.0%) cohort subjects were confirmed dead. The nominal roll file was then linked to the CMDB from 1940 to 1999 via probabilistic record linkage (17) . The CMDB contains records of all deaths registered in Canada by all provinces and territories and those voluntarily reported deaths of Canadian residents occurring in the United States. The CMDB has cause of death information since 1950, is considered to be complete and accurate, and is routinely used to ascertain mortality in a number of cohort studies (17) . From 1940 to 1949 the CMDB does not contain cause of death, only fact of death. This information was used for death clearances from 1940 to 1949, and deceased subjects were eliminated from further analysis. Linkage to the CMDB increased the number of confirmed deaths in the cohort to 5,974 (30.1%). An additional 32 deaths confirmed from the Tax file had no death records in the CMDB.
In total, we were able to ascertain the vital status of 15,580 (78.5%) cohort subjects. The 4,307 (21.8%) individuals who could not be linked to the Historic Tax Summary records or the CMDB had their termination date at work as the last date alive. Further data processing led to the exclusion of 2,195 (11.0%) records [missing information on sex (3), birth year (1, 866) , no occupational record (42) , exposure data (116), age of employment (15 to 75 years) out of range (35) , age .100 with no death found (100), last contact before 1940 (24) , and recorded exposure after recorded death (9) ]. The final cohort for mortality analysis thus consisted of 17,660 subjects (88.9% of the original cohort).
Cancer incidence was also determined through probabilistic record linkage of the nominal roll file to the CCDB from 1969 to 1999. Data in the CCDB are obtained from provincial and territorial cancer registries and are essentially complete for all cases of cancer occurring in Canada (18) . This database contains records of all cancer cases diagnosed in Canada among people who reside in a province/territory at the time of diagnosis and voluntarily reported cases of Canadian residents diagnosed in the United States since 1969 (www.statcan.gc.ca/). Information on death was used for ''death clearance'' between 1950 and 1969 (N 5 886), and four additional subjects were excluded because their RDP exposure occurred after the cancer diagnosis, leaving a cohort of 16,770 subjects for the incidence analysis.
Outcomes
For the mortality and incidence analyses, the underlying causes of death and cancer diagnoses were recoded from the original International Classification of Disease (ICD) code in use at the time of death or diagnosis to ICD-9 (19) . The majority of analyses were done for lung cancer. Additional mortality and incidence analyses were performed to investigate effects of RDP exposures and c-ray doses on other causes of death and cancer that yielded 50 or more 774 cases and leukemia, recently reported to be associated with long-lived radionuclides and c radiation among uranium workers (20) .
Exposures
Detailed description of the process of estimation of exposure to radon decay products in Port Radium and Beaverlodge have been published previously (4, 6) . Briefly, at Port Radium, workplace measurements, initially of radon and later RDP, started in 1945 and were carried out sporadically through the 1940s and 1950s. During the period between 1945 and 1958, a total of 251 samples (9-71 per year) of radon were made. The range of concentrations was 5-300,000 pCi/liter. No personal exposures were calculated. For the original Port Radium study (6) , individual annual exposures in WLM were estimated using the annual geometric mean RDP concentrations underground and in the mill and time spent in the workplace.
At Beaverlodge, both radon and RDP measurements started in 1954 and continued at increasing frequency throughout the life of the mine. The total number of radon and radon decay product measurements taken per workplace per year during the period 1954-1968 was generally less than 12, with an average of about four measurements per workplace per year. The radon concentration measurements were converted to RDP concentrations by use of equilibrium factors determined in 1954, 1956, 1959 and 1961 through paired measurements of radon concentrations and decay products. Personal exposures were assigned, starting with underground miners in November 1966 and expanding to cover all personnel in the 1970s. For the period before assignment of individual exposures, the exposures were estimated using the same procedures used at Port Radium.
In the current study, the annual individual RDP exposures were recalculated for all Port Radium and Beaverlodge personnel for whom no individual exposure had been recorded during the operation of the mine. The annual mean for workers from Beaverlodge was calculated by summing over the WL measurements available for each type of workplace, the proportion of employees in each occupation, and the proportion of time spent in each type of workplace by employees in each occupation. 4 For Port Radium, a similar approach was taken, but seasonal averages were determined to account for different winter and summer mine ventilation rates, and the rather scant measurement data were augmented by ventilation modeling. 5 There were no early radon or RDP measurements taken at Port Hope. The RDP estimates were based on quantities of radium present in the plant in ore and at various stages of refinement, measured radon emanation rates from various radium-bearing materials, building air volumes and estimates of air exchange rates.
In addition to RDP exposures, the current study has information on individual c-ray doses for all cohort subjects. At Port Radium, film badges were used for a few short campaigns of personal and area measurements in the 1950s. At Beaverlodge, similar short campaigns of personal and area monitoring with film badges took place in the 1950s, and starting in 1963 a sampling of workers wore film badges fulltime. This coverage was gradually increased through the 1970s. At Port Hope, film badges were used on some personnel from the late 1940s, coverage was increased in the 1960s, and full external dosimetry was in place by about 1970. In this analysis, personal cray doses were calculated from the average dose rates and time on the job and expressed in millisieverts (mSv) for each individual who had not been wearing a badge.
Finally, many workers' personnel records indicated prior experience in other early Western Canadian mines, and many obtained employment in other mines or other industries with potential radiation exposure after leaving Eldorado. The National Dose Registry (NDR) collects and records radiation exposure and dose data for all exposed workers in Canada from 1951 (with some records going back to 1944) and contains information on c-ray doses for uranium miners starting in 1981 (21) . However, the NDR had no early records from Eldorado and no records for any of the other early Western Canadian mines. For workers with mining exposure history in early non-Eldorado Western Canadian mines, we estimated exposure levels based on the Beaverlodge WL data. For all other non-Eldorado radiation exposures from 1951 to 1999, the nominal roll was linked to the NDR records (22) .
Statistical Analysis
In the mortality analysis, each individual contributed person-years at risk from the later of the date of hire or the start of follow-up, defined as January 1, 1950, to the exit date of December 31, 1999, the date of death, or the last date known alive, whichever occurred earliest. In the cancer incidence analysis, individuals contributed person-years at risk from the later of the date of hire or the start of follow-up, defined as January 1, 1969, to the exit date of December 31, 1999, the date of cancer diagnosis, or the last date known alive, whichever occurred earliest. The summary person-year experience was cross-classified by age at risk (15-19, 20-24… 85-100 years old), calendar year at risk 6 , (1950-1954, 1955-1959… 1995-1999) , subcohort (Port Hope, Port Radium, Beaverlodge, and ''other sites''), total duration of employment (23) (,6 months and 6 monthsz) 7 , and age at first exposure, cumulative exposure, and years since first exposure, separately for WLM exposures and c-ray doses. For all analyses, WLM exposures were lagged by 5 years and c-ray doses were lagged by 2 years to account for the latent period between exposure and cancer incidence and mortality. The person-year weighted mean dose in each cross-classified cell was used in the regression analysis.
Two types of comparisons were used to conduct mortality and cancer incidence analyses. The first series of analyses was a comparison of the cohort with the general Canadian population. Observed and expected values were used to estimate standardized mortality ratios (SMR) and standardized incidence ratios (SIR) by means of indirect standardization. Expected values were derived from Canadian national population mortality (1950-1999) and cancer incidence (1969-1999) rates. 8 National rather than provincial rates were used, because deaths and cancer cases were spread across Canada and did not appear to be concentrated in specific locations. Expected values were adjusted for sex, age and calendar year at risk. Confidence interval estimates for the SMR and SIR and P values testing departures of these values from 1.0 were based on treating the observed numbers of deaths and cancer cases as Poisson variables (24) .
The second series of comparisons was based upon internal comparisons, i.e., with no reference to an external population. These were conducted by using grouped Poisson regression analyses (24, 25) . The general model used in this analysis is a simple linear relative risk model where risks may conveniently be modeled as relative risks, which multiply the background risk (i.e., the risk in the absence of 4 SENES Consultants Limited, An algorithm for estimating radon decay product exposures from underground employment at the Eldorado Beaverlodge Mine. Atomic Energy Control Board of Canada, Richmond Hill, ON, 1996.
5 SENES Consultants Limited, A re-evaluation of radon decay product exposures to underground workers at the Port Radium mine. Atomic Energy Control Board of Canada, Richmond Hill, ON, 1996. 6 Calendar year at risk for the cancer incidence analysis was (1969-1970, 1970-1974…1995-1999) . 7 Total duration of employment was split at 6 months, because risk drops after 6 months but then remains constant. Similar phenomena have been observed previously in other studies (23 
The relative risk estimated by the latter technique may be expressed as
where X represents factors such as RDP exposure or c-ray dose, z i are potential modifying factors such as time since exposure, and b and c i are coefficients estimated using maximum likelihood techniques. The b coefficient is referred to as the excess relative risk per unit of exposure (ERR); by adding 1.0 to the ERR one obtains the relative risk at 100 WLM for RDP exposure and per sievert (Sv) for c-ray dose. Dose-response analyses for RDP exposures relied on the timedependent cumulative WLM exposure expressed as a continuous variable. For lung cancer, we also conducted exploratory analyses using a categorical RDP exposure variable the cutpoints for which were chosen to distribute lung cancer deaths evenly among the seven categories. For comparability, the same cutpoints were used in the incidence analysis.
Regression parameters, confidence intervals around these point estimates, and P values were estimated using the method of maximum likelihood in the AMFIT module of the EPICURE software (25) . Tests of statistical significance were based on the likelihood ratio test comparing the two nested models with and without the variable of interest. All P values were two-sided.
Confounders
Age at risk, calendar year at risk, sub-cohort and total duration of employment were evaluated for possible independent effects on the background rate of lung cancer.
When c-ray dose was investigated as a potential risk factor for lung cancer, it was entered into the model simultaneously with the RDP exposure. Because c-ray doses were low relative to RDP exposures, this term was included in the background term as a continuous variable, i.e., assuming a log-linear relationship, which approximates a linear relationship at low doses. This may be regarded as a ''screening technique,'' though radiobiological theory would suggest that a radiation dose-response relationship might be expected if any detectable risk occurs.
Effect Modifiers
We investigated modifying effects of various factors from the BEIR VI Committee model and used parameterization from its exposureage-concentration model (2):
where 5-year lagged RDP exposure is partitioned into time windows (WLM 5-14, 15-24 and 25z years previously), and Q and c represent estimates of modifications to the dose response by categories of age at risk (,55, 55-64, 65-74 and 75z years old) and exposure rate (,0.5, 0.5-0.9, 1.0-2.9, 3.0-4.9, 5.0-14.9, and 15.0z WL).
RESULTS
Demographic and Exposure Characteristics
Thirty percent of all Eldorado workers (observed 5 5,332, N 5 17,660) died between 1950 and 1999 and 23% (observed 5 2,210, N 5 16,770) were diagnosed with cancer between 1969 and 1999. Table 1 presents the basic characteristics of the cohort. Most workers were male (N 5 16,236, 91.9% of the cohort) and most women were employed at jobs with low radiation exposures. Thus all further analyses are restricted to male workers, unless indicated otherwise. Most workers worked at Beaverlodge mine (N 5 10,050), with smaller numbers at Port Radium mine (N 5 3,300), the Port Hope radium and uranium refinery and processing facility (N 5 3,003), and a few at ''other sites'' (N 5 1,307). The age of individuals when the update ended in 1999 was between 70 and 79 years of age.
The mode mean RDP exposure (weighted by personyears) for the cohort as a whole (N 5 17,660) was 100 WLM (SD 5 254) and 117 WLM (SD 5 271) among those with non-zero exposures ( Table 1) . As would be expected, the maximum mean RDP exposure was at (Table 2 ). The entire cohort and the Port Radium and Beaverlodge sub-cohorts separately all yielded highly statistically significant (P , 0.001) linear positive increases in the risk of lung cancer death with increased cumulative RDP exposures. The highest risks were seen in the highest exposure category, with risks increased more than sevenfold compared to the lowest exposure category for the combined cohort (RR 5 7.34, 95% CI: 5.13, 10.53). The risks were generally lower and the relationship was not significant for Port Hope workers (Supplementary Table S3 , P 5 0.10). Figure 1 plots the relative risks estimates for lung cancer mortality as a function of the category-specific person-year weighted mean RDP exposure for the entire male cohort. There was little evidence to suggest any departure from linearity, other than that which might be due to statistical fluctuations. The relatively small relative risk of lung cancer mortality for cumulative exposures below 100 WLM (right panel of Fig. 1 ) reflects the risk observed for about three-quarters of all Eldorado employees. Among those with similar RDP exposures, those who worked less than 6 months (N 5 172 cases) had a 1.31 times higher risk of lung cancer than those who worked more than 6 months (95% CI: 1.07, 1.60, P 5 0.009). In addition, background risks of lung cancer differed by sub-cohort, age at risk, and calendar year at risk. All subsequent models were adjusted for these variables by stratification. Whole-body c-ray dose did not statistically significantly add to the fit of the model (P 5 0.88) and was not included in subsequent analyses.
The relationship between RDP exposure and lung cancer mortality in a simple linear model was highly significant, with an ERR/100 WLM 5 0.55 (95% CI: 0.37, 0.78, Table 3 ). There was no evidence of any curvature with the addition of a quadratic term to the model (P 5 0.66, not shown). The ERR/100 WLM for Port Radium and Beaverlodge was 0.37 (95% CI: 0.23, 0.59) and 0.96 (95% CI: 0.56, 1.56), respectively. There was no evidence of any curvature with the addition of a quadratic term to the model (P 5 0.66 for the entire male sub-cohort). We observed marked heterogeneity of the excess relative risks by sub-cohort (including the subcohort of ''other sites'') (P test for heterogeneity ,0.001, not shown).
Cancer incidence. Like mortality, we observed a monotonic increase in risk for lung cancer incidence (Fig. 2) , with the highest risks seen in the highest exposure category and the risk for the highest exposure having a value more than sevenfold higher than that for the combined male cohort (Table 2, RR 5 7.20, 95% CI: 4.84, 10.68). The linear trend test was highly statistically significant (P , 0.001).
The relationship between continuous RDP exposure and lung cancer incidence was also highly statistically significant (ERR/100 WLM 5 0.55 (95% CI: 0.37, 0.81; Table 3 ). Similar to the mortality analysis, there was an apparent heterogeneity of effect by sub-cohort when Table 2 and a fitted dose-response line for males. Relative risk estimates were plotted as a function of person-year-weighted means in WLM exposure categories.
FIG. 1. Plot of the relative risk estimates of lung cancer mortality and 95% CI from the categorical analysis presented in
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LANE ET AL. using a simple excess relative risk model (P for heterogeneity 5 0.017, not shown). The estimated risk for Port Hope workers was higher than in the mortality analysis (ERR/100 WLM 5 0.68 and 0.18, respectively).
To further investigate the shape of the dose response, we included c-ray dose and quadratic term in WLM in the model and observed no evidence of an improvement in fit (P 5 0.84 and 0.93, respectively). Exclusion of the various subgroups of the cohort, e.g., those with some recorded non-Eldorado experience, those with incomplete Eldorado dates of employment, and those with zero exposure, essentially made little difference to the results (results not shown).
Comparison with the BEIR VI Interaction Model for Lung Cancer
Mortality. When potential effect modifiers were investigated (Table 4) , the variables selected by the BEIR VI Committee (2), i.e. time since exposure, exposure rate and age at risk, were the only variables that suggested some evidence of effect modification. For the lung cancer mortality analysis, splitting total WLM exposure into three time windows since exposure significantly improved the fit (P , 0.001). The excess relative risk decreased monotonically with increasing time since exposure. Adding exposure rate using the six exposure rates defined by the Committee further significantly improved the fit (P 5 0.001), with the excess relative risks decreasing monotonically with increasing exposure rate. Adding the age at risk also improved the fit but not significantly (P 5 0.06). Using BEIR VI parameterization, we estimated an ERR/100 WLM of 6.11 for time since exposure 5-14 years, exposure rate ,0.5 WL and attained age ,55 years. Sub-cohort-specific risk estimates were no longer significantly different in this model (P for heterogeneity of exposure effect by sub-cohort 5 0.46, not shown).
Cancer incidence. For lung cancer incidence (Table 4) , time since exposure significantly improved the fit of the model (P , 0.001). Inclusion of exposure rate in the model did not lead to a statistically significant improvement (P 5 0.13), though the corresponding estimates for the exposure-rate effect showed decreasing effects per exposure unit with increasing exposure rate. Finally, adding terms in age at risk to the model led to a P value of 0.21 with somewhat wide confidence intervals. Those over age 75 years appeared to have a decreased risk per unit of exposure compared to those developing lung cancers at younger ages. Risk estimates from the full interaction model were comparable across sub-cohorts of male Eldorado employees (P for heterogeneity 5 0.21, i.e., no longer significant).
Dose-Response Analysis for RDP Exposures and c-Ray Doses and Other Causes of Death and Cancers Other Than Lung
There was no meaningful evidence of an association between RDP exposure and increased risk of any other cancer deaths or causes of cancer (Table 5) . Additional exploratory analyses of c-ray doses and CLL and non- CLL leukemia and other causes of death and cancer, which were not adjusted for RDP exposures, showed that c-ray doses did not increase the risk of any other cancer deaths or any other causes of cancer (Table 5) . Although there was a positive risk estimate for bladder cancer incidence of 2.83 per Sv, it was not statistically significant (P 5 0.147). While CLL incidence showed a positive association, with an ERR/Sv of 7.28, incidence of non-CLL leukemia gave a negative estimate. However, neither of these observations was statistically significant.
DISCUSSION
This report presents the analysis of 50 years of mortality ) and 31 years of cancer incidence in a cohort of uranium workers known to have worked for Eldorado Nuclear Ltd. and its predecessor companies sometime between 1932 and 1980. Workers had lower rates of all cancer together and separately, except for lung cancer, compared to the age-and calendar year-adjusted rates for the general Canadian male population, a likely healthy worker effect. A highly statistically significant linear doseresponse relationship was found between RDP exposure and lung cancer mortality and incidence (ERR/100 WLM 5 0.55, 95% CI: 0.37, 0.78 and ERR/100 WLM 5 0.55, 95% CI: 0.37, 0.81, respectively). Risks were significantly different between the three principal subcohorts in the simple linear model, but after adjustment for effect modification by time since exposure, exposure rate and age at risk using BEIR VI report parameterization, they became more similar. The overall ERR/100 WLM of mortality and incidence in the entire cohort were 6.11 and 7.85, respectively. In the low-exposure range (lifetime cumulative exposures less than 100 WLM), risk of lung cancer was also significantly higher compared to zero exposure (right panels of Figs. 1 and  2) . No other cancer site and no other cause of death were associated with RDP exposure or c-ray doses.
One of the strongest advantages of this study is its long-term follow-up with essentially complete ascertainment for cancer incidence and mortality. The North American Association of Central Cancer Registries estimates that completeness of case ascertainment for Canadian provincial cancer registries is consistently in the range 90-95% (www.naaccr.org/). Similarly, since the registration of deaths is a legal requirement in each a ERR/100 WLM for total WLM exposure and relative risks for time since exposure, exposure rate and attained age variables. b Adjusted for sub-cohort, age at risk, calendar year at risk and duration of employment by stratification. c P value of the test of heterogeneity of category-specific relative risks. d Number of cases in the incidence analysis based on the earliest cancer diagnosis where each subject could contribute at most one cancer. e BEIR VI exposure-age-concentration model with radon exposures lagged by 5 years (2). f ERR/100 WLM for time since exposure window 5-14 years, exposure rate ,0.5 WL, and attained age ,55 years.
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Canadian province and territory, reporting of deaths is virtually complete and undercoverage is thought to be minimal. Thus underascertainment of cancer cases and deaths is unlikely and cannot account for the observed healthy worker effect. Another advantage is comparatively high rates of follow-up (12, 26) , which were achieved by multiple internal linkages and the manual resolution of potential computer links. Incidence and mortality data provided a complementary view of the effects of RDP exposures and c-ray doses on the risk of cancers. While some have shown that death certificates were sufficiently accurate when evaluating lung cancer mortality (27) , others have reported misclassification of lung cancer on death certificates to be quite prevalent and possibly related to smoking status, with lung cancer diagnosis frequently being omitted from death certificates of nonsmokers (28) . In our study, the total number of lung cancer cases (N 5 626) was numerically similar to the mortality analysis (N 5 618), with 490 individuals contributing to both analyses. There were relatively few lung cancer cases and deaths among Eldorado workers before 1969 (N 5 83), with the majority of cases and deaths occurring during the period 1969 to 1999. There were 58 cases of lung cancer for which as yet there is no death record and 78 cases with cause of death other than lung cancer; thus these represent a contribution to the incidence analysis that is independent of the mortality analysis.
Due to high fatality of lung cancer, relative risk estimates from mortality and incidence analyses should closely approximate each other. Some differences between estimates of risk based on the incidence and mortality may have a contribution from chance or are possibly due to the effects of time-dependent effect modifiers representing a different time pattern occurring in the mortality and incidence analyses, i.e., various time windows of RDP exposure while the other modifying effects have the same value. Improvements in identifying data for Beaverlodge and Port Radium and inclusion of workers from the Port Hope refinery and processing facility and ''other sites'' in the analysis improved statistical power and precision of risk estimates compared with the original studies (4, 6) . In the current study, the annual individual RDP exposures were recalculated for all Port Radium personnel and for all Beaverlodge personnel for whom no individual exposure assignments had been made during the mines' operation. Although the basis for the new calculations is sounder than that used in the earlier studies and provided far more accurate exposure estimates than the original Eldorado analyses, it must be recognized that the methods used yield good annual average results for a work group, but individual exposures could vary from the average by as much as an order of magnitude. RDP exposures from the Eldorado sites were supplemented with exposure information from early non-Eldorado Western Canadian mines and NDR data on Eldorado exposures received since 1980 and all other non-Eldorado exposures. In addition to RDP exposure, this analysis also investigated the effects of c-ray doses on cancer mortality and incidence.
Several limitations should be borne in mind when considering the above results. Tobacco smoking is the primary cause of lung cancer, with a 10-to 20-fold relative risk for current smokers (29) (30) (31) . For smoking to modify RDP-related risks of lung cancer it should be correlated with RDP exposure. A case-control study of the Beaverlodge cohort (32) suggested that smoking was not correlated with radon exposure, and, in general, occupational studies frequently show a lack of any strong correlation between occupational exposure and smoking. Even though smoking was banned at the Port Hope facility in the 1940s and 1950s and was allowed on a very limited basis thereafter and was banned in the workplace at Beaverlodge in 1975, people still smoked outside the workplace. Although smoking data were not available, we observed that smoking-related cancers other than lung cancer generally were not elevated in the cohort, suggesting that smoking was not substantially elevated relative to the general Canadian male population. A recent study of German uranium miners reported that smoking was not a major independent risk factor of lung cancer and that RDP risk estimates with and without adjustment for smoking were similar (33) .
Other sources of ionizing radiation and other carcinogenic occupational exposures received at Eldorado or other workplaces also require consideration. Beaverlodge ore was relatively clean with minimal amounts of other carcinogens. Port Radium ore contained many elements, including arsenic and cobalt, but no useful exposure data were available. Arsenic, a known human carcinogen (34) , was recently shown to increase lung cancer among uranium miners (35) . However, the correlation between arsenic and RDP is unknown. In addition to ore, Port Hope workers were exposed to processing chemicals and a variety of uranium compounds at higher concentration and of greater solubility than that found in the ore. Some Port Hope workers were also exposed to radium compounds, uranium metal
Plot of the relative risk estimates of lung cancer incidence and 95% CI from the categorical analysis in Table 2 and a fitted doseresponse line for males. Relative risk estimates were plotted as a function of person-year-weighted means in WLM exposure categories.
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and some enriched uranium. Duport (36) estimated that c radiation contributed 25% of the miners' effective dose and so may play a role in lung cancer risk. However, there was no meaningful relationship between risk of lung cancer death and c-ray dose in our analysis. No data were available for the cohort members on any other potential risk factors and, again, the interpretation for such factors would have the same considerations as those given for smoking.
Measurement errors in exposure estimation almost certainly decreased with calendar time; thus the Port Radium cohort had greater measurement errors than the Beaverlodge cohort, and recent workers had lower mean errors than earlier workers. Some potential RDP exposures in other mines or workplaces may have been underascertained. A further consideration is that residential radon exposure likely had a greater relative contribution to total exposure in recent times when occupational exposures were lower. The impact of such measurement error depends on a number of factors, in particular, the quantitative nature of the error and the risk function that has been considered. However, if there is no correlation between domestic exposure and total occupational exposure, the risk estimates would be unbiased.
Our risk estimates were similar in magnitude to the estimates of the BEIR VI report based on the pooled analysis of 11 underground miners studies (2) and to more recent studies of uranium miners (11, 37) . The present analysis provides further evidence of the importance of effect modifiers in the relationship between RDP exposure and lung cancer risk and suggests that the BEIR VI exposure-age-concentration model performs well in an essentially independent data set. While the estimates for time since exposure and for exposure rate are similar between the present study and the BEIR VI estimates for both lung cancer mortality and incidence, the estimates of risk by age at risk in the lung cancer incidence analysis differed somewhat from the BEIR VI estimates and from the mortality analysis. These differences could be due to comparatively small number of lung cancer cases below age 55 years (N 5 95) or to differences in age effect in incidence and mortality analyses. When a reference category was changed to include all those below age 60 years, we observed a more gradual decrease in risk of lung cancer incidence with estimated relative risks for those aged 60-65, 65-69 and 70z years at 0.99, 0.98 and 0.32, respectively.
The original analysis of workers of the Beaverlodge uranium mine was based on 65 deaths from lung cancer (5) Port Radium workers were exposed to significantly higher levels of RDPs than the Beaverlodge workers. Compared to the original analysis where an estimated ERR/100 WLM based on 57 deaths was 0.27 (6), we observed a somewhat higher risk in the current analysis of 230 deaths with an estimate of 0.37. In previous analyses, risk estimates for Beaverlodge and Port Radium differed by an order of magnitude (5, 6) , but in the current analysis, the estimates for the two cohorts were closer together, had narrower 95% confidence intervals, and moved closer to the mid-range of the estimate from the pooled analysis of the 11 miner cohorts (ERR/100 WLM 5 0.49, 95% CI: 0.2, 1.0) (2, 7). These differences likely reflect the large improvements in the data quality and radiation exposure estimates.
Workers in the Port Hope sub-cohort had significantly lower RDP exposures and consequently experienced lower risks of lung cancer (increased but non-significant for both incidence and mortality).
The lack of correlation of RDP exposure with the risk of other cancer deaths in the Eldorado cohort is consistent with the BEIR VI report (38) and recent miner updates (20, (39) (40) (41) . Likewise, the absence of any correlation of RDP exposure with non-cancer causes of death in the Eldorado cohort is consistent with other studies (2, 40, (42) (43) (44) . More recent studies showed some evidence of radon-associated increases in risk of extrapulmonary cancers (44, 45) and cerebrovascular diseases (46) , but cautious interpretation is warranted due to lack of control of possible confounding by cardiovascular risk factors.
This cohort presented a unique opportunity to investigate the effects of RDP exposure and c-ray doses in the same subjects. In our cohort, RDP exposures and c-ray doses generally were not correlated (Pearson's r 5 0.18) except for the Port Hope site, where they were strongly correlated (Pearson's r 5 0.93). The internal analysis to assess the relationship between whole-body c-ray dose and lung cancer mortality and incidence detected no effect. Similarly, there was no meaningful evidence of any association between whole-body c-ray dose and risk of any other cancers or any other causes of death, which was consistent with other studies (20, 26, (39) (40) (41) . Comparatively high doses of c rays can increase the risk of a number of cancers (47) , with leukemia being particularly sensitive to such exposure. However, in the present context, the mean c-ray dose of subjects in the Eldorado uranium workers cohort was fairly low (dose 5 52.2 mSv for male subjects), so it is certainly possible that the study lacked statistical power to detect an effect MORTALITY AND CANCER INCIDENCE IN THE ELDORADO URANIUM WORKERS COHORT of c-ray dose. The risk models published by the ICRP (48) and UNSCEAR (47, 49) would be appropriate for predicting risk of whole-body c-ray dose and are not contradicted by the results of the present study.
Conclusions
This study reported a deficit in all causes of death and all cancers (deaths and cases) but a statistically significant excess of lung cancer compared to the general Canadian male population. We found a statistically significant increased risk of lung cancer with RDP exposure but no evidence of an increase in any other cancers or other causes of death. The risk of lung cancer in the low-dose range (lifetime cumulative exposures less than 100 WLM) was significantly higher compared to zero exposure in both the mortality and incidence analyses. The evidence from this study on the effects of low exposures and exposure rates is important to understand the long-term health effects of exposures experienced by current workers as well as to understand and address the health risks of exposures to residential radon. About 30% of the Eldorado cohort had died by the end of the current follow-up. Future mortality and cancer incidence updates and joint analysis with other uranium miner cohorts should improve the statistical power of analyses and expand our knowledge of the effects of uranium mining, milling and processing on the health of those employed in these occupations. This update is consistent with our existing understanding of RDP risk and supports current radiation protection programs. Supplementary Table S1 . Standardized mortality ratios (SMR) for various causes of death and 95% confidence intervals compared to Canadian national mortality rates for males . Supplementary  Table S2 . Standardized incidence ratios (SIR) for various cancers and 95% confidence intervals compared to Canadian national incidence rates for males . Supplementary Table S3 . Relative risks of lung cancer mortality and 95% confidence intervals by categories of cumulative exposure (WLM), separately for sub-cohorts of the Eldorado cohort. http://dx.doi.org/RR2237.1.S1
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